A new approach to time-resolved fluorescence spectroscopy based on stimulated emission depletion (STED) of two-photon excited states is presented. Combined with time-resolved detection, STED can circumvent orientational averaging constraints and spontaneous emission selection rules inherent in all conventional techniques. Applications of STED to the study of molecular probe dynamics are presented, together with studies of STED dynamics in a new push-push two-photon chromophore.
Conventional fluorescence techniques: limitations and constraints
Fluorescence lifetime and anisotropy measurements of molecular probes have found wide application in the studies of biomolecular dynamics and structure [1] ; they also show considerable promise as sensitive tools in imaging the dynamics of molecular interactions within cells [2, 3] . In this context, the application of two-photon excitation to provide both increased spatial and orientational resolution [4, 5] has proved a significant step change. However, there are two serious limitations imposed on all such measurements. First, unless dealing with a well-ordered sample, there is no relationship between the laboratory axis system and the local environment of the fluorescent chromophore; the excitation process, whether single, two-or multi-photon, is unable to select molecular orientations within the molecular axis system. Considerable detail that could be explored in fluorescence lifetime and anisotropy studies is thus lost. The interaction of polarized light with an ordered molecular array has been shown to yield information on detailed local order and the full angular motion of a molecular probe [6] [7] [8] [9] [10] . The local environment on average experiences wholly unpolarized excitation and the possibility of distinguishing between θ and φ orientations (and motions) within the probe environment is lost ( [11] and A.J. Bain, R.J. Marsh and D.A. Armoogum, unpublished work). This loss of information is potentially serious: recent studies in our group of fluorescent probe dynamics within ordered hosts have shown that the imposition of order has a profound influence on rotational diffusion dynamics. A marked difference in θ and φ diffusion rates and their temperature dependence is observed [10, 12, 13] . The second limitation arises from the selection rules for spontaneous electric dipole transitions, which restrict the degree of order that can be probed in the excited state.
Fluorescence anisotropy measurements are solely sensitive to the molecular alignment of the excited state [8, [14] [15] [16] . The measurement of higher degrees of molecular order and their evolution is critical to obtaining a correct picture of the true order of a molecular probe and its motion within the local environment. Neglect of higher moments can lead to significant errors in the determination of probe orientation within liquid crystal hosts [12, 17] . To date, in biological systems these limitations have not been recognized, presumably in part from the lack of appropriate experimental techniques. In this paper, we discuss how a new approach to time-resolved fluorescence using the modification (controlled population removal) of excited electronic states by polarized STED (stimulated emission depletion) can circumvent both of these restrictions, allowing fluorescence dynamics to be probed with an unprecedented degree of resolution.
STED
STED of excited states has proved to be a valuable tool in high-resolution molecular spectroscopy [18] and in the study of ultrafast relaxation in ground and excited electronic states [19] [20] [21] [22] . There has been considerable interest in the use of single-photon STED in fluorescence microscopy, where sub-wavelength image resolution has been recently demonstrated [23] . Recent work in our laboratory has demonstrated the feasibility of performing STED in two-photon excited states [24, 25] . Femtosecond two-photon excitation (PUMP) of the widely used fluorescent probe fluorescein was followed by (time-delayed) picosecond-stimulated emission depletion (DUMP) of the excited state. Time-resolved detection was employed to determine changes in excited state population and alignment following STED, together with the measurement of stimulated emission cross-sections and ground-state vibrational relaxation times. A schematic representation of the two-photon STED process in fluorescein is shown in Figure 1 . Initial excitation from low-lying vibrational levels in the S 0 ground state occurs via the simultaneous absorption of two (non-resonant) near-IR photons at 800 nm, with fast radiationless conversion yielding a vibrationally excited population in the S 1 excited electronic state. In the absence of external perturbations, the population in S 1 decays by spontaneous emission to upper vibrational levels of S 0 , followed by rapid collisional deactivation. In STED, a visible laser pulse is applied to induce transitions to upper vibrational levels of S 0 . The net result of this process is a sharp reduction in the excited state population and a loss in fluorescence intensity (the stimulated emission being collinear with the dump pulse). The STED process is maximized for parallel PUMP and DUMP polarizations, resulting in a sharp decrease in molecular orientation (the preferential removal of fluorescein molecules oriented parallel to the laboratory Z-axis).
Visualization of dynamics masked by orientational averaging in isotropic media: 'virtual crystallography'
In single-and two-photon excitation, an ordered array of probe molecules (e.g. a solution of fluorescent labelled proteins) is prepared in relation to the laboratory axis. Given a net ordering of probe molecules within the local environment (an inevitable consequence of local structure), this is accompanied by the creation of an aligned distribution of the host molecules in the laboratory frame. Stimulated depletion of the excited state population (i.e. the creation of non-equilibrium orientational distributions) within the local environment will be possible on timescales shorter than the rotational diffusion time of the host. The separation of timescales for the motion of the probe and the environment are typically two orders of magnitude, an example being the motion of Trp-214 in human serum albumin (HSA), where we have shown that the respective timescales are 10 −10 and 10 −8 s respectively [1] . On the timescale of probe dynamics, the local environment is therefore effectively static. The situation on the picosecond-to-nanosecond time scale thus corresponds to the creation of a 'Virtual Crystallographic State'; this can then be probed by stimulated depletion with time-resolved fluorescence detection. An experimental STED arrangement applicable to Virtual Crystallography, in which order can be written into an excited state, is shown in Figure 2(A) . Horizontally polarized two-photon excitation produces fluorescein emission with zero fluorescence anisotropy ( Figure 2B) ; however, with a vertically polarized DUMP pulse, a net alignment is created in the perpendicular direction. This can be seen in the polarization transient ( Figure 2B ), corresponding to orientational relaxation of the horizontal alignment created in the excited state. 
Breaking single-photon selection rules: new information on the dynamics of the excited state
Analytical modelling of the STED process is possible in the weak depletion (low population removal) limit, assuming fast vibrational relaxation in the ground state [25] . For parallel PUMP and DUMP polarizations, the degree of excited state alignment ( α ex 20 ) and fractional population removed (1 − F R ), immediately following the application of the DUMP (parallel) pulse are given by:
The suffixes u and d denotes the experimental quantities immediately before and after the application of the DUMP pulse, and S is the saturation parameter defined by:
where σ is the dump cross-section (cm 2 ) and P is the photon flux (photons · cm −2 ). Measurement of R(d), R(u) and S (via F R ) as a function of the PUMP DUMP delay allows the time evolution of α ex 40 to be determined from eqn (2). This will be of particular importance in the study of probe motion in ordered environments where significant contributions to the molecular distribution function arise from higher-order moments, and the simple symmetry relationships that govern the relaxation dynamics for different moments are lifted [6, 8, 10] . The validity of this approach can be tested by measurement of the relaxation dynamics of α ex 40 (t) created by two-photon excitation of fluorescein in ethylene glycol. Here, orientational relaxation dynamics are well described by small-step rotational diffusion [8] , and the relationship between the directly measurable fluorescence anisotropy decay time (τ 20 ) and that for α ex 40 is given by:
Results for the measurement of α ex 40 (t) in fluorescein are shown in Figure 3 , together with the results of a theoretical simulation based on a solution of the coupled rate equations 
New chromophores for two-photon STED
In our current two-photon studies, PUMP and DUMP pulses are derived from the 250 kHz output of an amplified Ti:Sapphire laser system [24, 25] . The transfer of two-photon STED techniques to time-resolved microscopy would be greatly eased if non-amplified high-repetition rate (10 7 -10 8 ) laser sources can be employed. To this end, the development of molecular probes designed for two-photon absorption coupled with optimal single photon emission are crucial. In recent work (R.J. Marsh, D.A. Armoogum, L. Porres,
Figure 4 STED dynamics in OM62C
Variation in the degree of excited-state depletion in OM62C with DUMP pulse energy and temporal width, 50-70% depletion, is achievable with 2-4 nJ at 3.2 ps. The saturation of the depletion curve results from a repumping of the excited state due to the finite lifetime (≈830 fs) of the target vibrational levels in the ground state. Fits to the data using a numerical solution of the coupled-rate equations for STED yields the gain cross-section and the ground-state vibrational relaxation times.
M. Blanchard-Desce and A.J. Bain, unpublished work), we have investigated STED in a range of quadrupolar pushpush molecules, such as OM62C [26] . In these systems, two-photon absorption cross-sections are approximately two orders of magnitude greater than those for fluorescein, and have quantum yields close to unity. Measurements of the degree of excited state depletion (population removal) as a function of DUMP pulse energy and width are shown in Figure 4 ; fits to the data using numerical simulations of the STED population rate equations yield the stimulated emission cross-section and ground-state relaxation time for OM62C. The stimulated emission cross-section of 5.35 × 10 −16 cm 2 obtained is approx. 4 times the value for fluorescein, and a comparable sub-picosecond ground-state relaxation time of approx. 830 fs is obtained. For OM62C, the two-photon cross-section is approx. 80 times that for fluorescein: the consequence of these results is that, compared with fluorescein, the equivalent PUMP and DUMP pulse energies are reduced by factors of 9 and 4 respectively. A moderate reduction in the PUMP and DUMP pulse areas will therefore permit STED with sub-nanojoule pulse energies.
Conclusions
Two-photon stimulated emission depletion has been shown to allow the precise selection and control of an excited state population, the circumvention of electric dipole selection rules and the creation of ordered molecular arrays inaccessible to conventional excitation techniques. This novel approach to time-resolved fluorescence allows unprecedented access to hitherto wholly inaccessible information on molecular structure, dynamics and geometry. The use of fluorescent probes optimized for high two-photon absorption and efficient single photon emission has been shown to significantly reduce the PUMP and DUMP pulse energy requirements, and will play a crucial role in the application of two-photon STED to time-resolved imaging.
